Brain stimulation for the treatment of neuropsychiatric diseases has been used for more than 50 years. although its development has been slow, current advances in the techniques of brain stimulation have improved its clinical efficacy. The use of non-invasive brain stimulation has significant advantages, such as not involving surgical procedures and having relatively mild adverse effects. in this paper we briefly review the use of 2 non-invasive brain stimulation techniques, repetitive transcranial magnetic stimulation (rtMS) and transcranial direct current stimulation (tdcS), as therapeutic approaches in physical and rehabilitation medicine. we also compare the effects of non-invasive central nervous system stimulation with techniques of non-invasive peri pheral electrical stimulation, in order to provide new insights for future developments. although the outcomes of these initial trials include some conflicting results, the evidence supports that rtMS and tdcS might have a therapeutic value in different neurological conditions. Studies published within the last year have examined new approaches of stimulation, such as longer intensities of stimulation, new electrode sizes for tdcS, novel coils for stimulation of deeper areas, and new frequencies of stimulation for rtMS. these new approaches need to be tested in larger clinical trials in order to determine whether they offer significant clinical effects.
evoked response of neurons (6, 7). Although human use and investigation did not accompany the initial results from animal studies, recent interest in this technique has resulted in novel studies showing that tDCS stimulation can influence cortical activity in humans in a manner similar to that seen in these pioneering experiments (8, 9) . During tDCS, low amplitude direct currents are applied via scalp electrodes and penetrate the skull to enter the brain. The effects of tDCS depend on the direction of the current; such that anodal stimulation induces an increase in spontaneous neuronal activity, which is observed via an increase in cortical excitability; whereas cathodal stimulation results in the opposite effect; a decrease in cortical excitability (10). Although there is substantial shunting of current in the scalp, sufficient current penetrates the brain to modify the transmembrane neuronal potential and thus influence the level of excitability and modulate the firing rate of individual neurons in response to additional inputs, as shown in our recent modeling studies (11). When tDCS is applied for a sufficient duration, cortical function can be modified beyond the stimulation period (12). Although its mechanisms of action are unclear, its long-lasting effects have been associated with changes in synaptic strengthening (13) .
Another option to induce electrical currents in the brain is through the use of varying magnetic fields. The advantage of using magnetic fields is that the skull does not represent a barrier, although the strength of a magnetic field decays with the square of the distance. Technological advancements led Barker et al. (14) to introduce transcranial magnetic stimulation (TMS) as a technique capable of overcoming the technical challenges, essentially the strength and time variation of a magnetic field. In TMS, in contrast to tDCS, the direction of the current is not a critical parameter. Here an important issue is the frequency of stimulation, as low-frequency stimulation appears to decrease cortical excitability and high-frequency stimulation induces an increase in cortical excitability (15, 16) . Low-frequency is defined as below or equal to 1 Hz and high-frequency is usually higher than or equal to 5 Hz. For the range between 1 and 5 Hz, the effects are uncertain. The reason why the frequency has this important role is not known. In addition, some subjects show contrary effects, such as that low frequency induces an increase in cortical excitability (17), which may depend on baseline cortical excitability.
In contrast to tDCS, TMS is a neurostimulation and neuromodulation application, as it forces action potentials (given supra-threshold stimulation), while tDCS is a purely neuromodulatory intervention. TMS uses the principle of electromagnetic induction to focus induced currents in the brain (18). These currents can be of sufficient magnitude to depolarize neurons, but when the currents are applied repetitively (rTMS) they can increase or decrease cortical excitability (depending on the parameters of stimulation) that can last beyond the duration of the train of stimulation (19). In addition, tDCS and TMS have other fundamental differences, such as the focality of stimulation. tDCS is a technique with less focality, therefore inducing changes in a larger area than rTMS. It is unclear whether this might represent a disadvantage for the use of tDCS in the clinical context.
CHRONIC PAIN
NBS using rTMS appears to be effective, with mean pain relief in the range 20-45% (20-22) . Although only 2 studies have evaluated the effects of tDCS on chronic pain, they show even larger results, with a mean pain relief up to 58% (23, 24) . In fact, we have recently conducted a meta-analysis assessing the effects of NBS for pain, and have shown that the mean response rate for rTMS and tDCS studies is 45.3% (95% confidence interval (95% CI) 39.2-51.4) and the number of responders in the active group is significantly higher when compared with a sham stimulation group (risk ratio 2.64) (95% CI 1.63-4.30) (25).
Compared with other forms of brain stimulation, such as invasive epidural motor cortex stimulation, the results are relatively similar, as these studies show a mean pain relief of 28-47% in the largest series (26, 27) and 50-70% in the smallest series (28, 29) . However, the variation in clinical effects for the rTMS studies was significant and an important source of variation in patient selection.
Because the rationale of NBS is to reverse the maladaptive changes that occur in the brain as a result of chronic pain, patients with central pain might be the best candidates for this treatment, as pain in these patients is due mainly to central nervous system dysfunction. Indeed, most studies investigated the effects of rTMS in patients with central pain, such as pain due to stroke (including thalamic stroke) and spinal cord injury (20, 22, (30) (31) (32) (33) (34) . Similarly, anodal tDCS of the primary motor cortex has also induced significant pain reductions in chronic pain due to spinal cord injury (23).
Not only central pain has been explored, but also other neuropathic pain syndromes, such as brachial plexus lesion (30), trigeminal nerve lesion (20), neuralgia (22, 35) , and peripheral lesion (33). rTMS and tDCS studies have also investigated whether pain in chronic migraine (36) and fibromyalgia (24, 37) responded to NBS. These studies all show that NBS significantly reduces pain when comparing sham vs active treatment. Finally, we also observed that rTMS can significantly reduce chronic pain associated with chronic pancreatitis (38). This evidence supports that a peripheral lesion might be only the initial event in the cascade of events that leads to maladaptive plastic changes in the central nervous system responsible for sustaining chronic pain.
Although the results were consistent across different pain syndromes, some studies report negative results. Different parameters of stimulation might explain these studies with mixed results. For instance, Irlbacher et al. (39) , applying several sessions of rTMS in patients with phantom limb pain, did not find a difference between active and sham treatment. Some methodological issues might account for this negative result, such as: (i) a high drop-out rate (less than half of the patients completed this cross-over study); (ii) a short 18-day wash-out period (Khedr et al. (22) showed that 5 consecutive days of stimulation can cause analgesic effects for at least 2 weeks) and; (iii) the study used 500 TMS pulses per session (a lower number compared with other studies), most of which used more than 1000 pulses per session. Finally, it is possible that phantom Non-invasive brain stimulation in PRM limb pain is more resistant to treatment with rTMS, perhaps requiring higher intensities and doses of rTMS for effective analgesia compared with other types of chronic pain.
STROKE
All the randomized clinical trial studies (8 studies met our inclusion criteria) evaluating the effects of NBS in stroke showed that active stimulation of either the affected or unaffected motor cortex induces a significant improvement in motor function compared with sham stimulation. It is important to note that in most of these studies effects were indexed as a change in movement speed or strength, and thus it is not clear if this improvement means a significant clinical impact or any changes in quality of life. However, most of these studies were performed in patients with chronic stroke in whom the likelihood of any improvement is low; therefore any significant change in motor function in these patients might represent a functional benefit for them.
Because the methodology of these studies was heterogeneous, it is not possible to draw conclusions about potential clinical indications for this therapy. For instance, in regard to patient selection, studies enrolled patients with subcortical and cortical stroke, ischemic and hemorrhagic stroke and also with acute, subacute and chronic stroke. One common characteristic for all these studies is that patients had moderate to mild motor deficits. Therefore it is not known whether patients with severe motor deficits might also benefit from this therapy, although one case report seemed to suggest a possible improvement also for these patients (40). This heterogeneous group selection might indicate that the effects of NBS are not specific or that they have an unspecific component.
In 5 of these studies, the unaffected primary motor cortex was targeted with stimulation strategies to reduce cortical excitability, such as low frequency rTMS and cathodal tDCS (41-45). These studies showed a significant improvement in motor function when comparing active with sham stimulation. The effects were transient, as a single session was applied, with the exception of the study of Fregni et al. (44) in which 5 sessions were applied to the unaffected primary cortex and the effects lasted for more than 2 weeks. In 2 of these studies, cortical excitability was evaluated using single and paired pulse TMS. Takeuchi et al. (42) showed that rTMS of the unaffected hemisphere reduces the amplitude of motor-evoked potentials from the affected hemisphere and the transcallosal inhibition duration. Furthermore, in our recent study we showed that inhibition of the unaffected hemisphere is associated with a decrease in the cortical excitability in the stimulated, unaffected hemisphere and an increase in the affected hemisphere, which is correlated with motor function improvement (44).
Another strategy of stimulation is to use paradigms of stimulation to increase cortical excitability (high-frequency rTMS and anodal tDCS) in the affected (ipsilesional) hemisphere. Initially, Khedr et al. (34) applied 3 Hz rTMS to the affected hemisphere over a 10-day period to 26 patients suffering from acute ischemic stroke. Compared with sham TMS, patients receiving active rTMS showed a significant improvement as measured by disability scales; Khedr et al. (34) conclude that rTMS might be used as an add-on therapy to normal physical and drug rehabilitation in early stroke patients. Kim et al. (46) subsequently confirmed these results, showing that motor function improves in stroke patients when high frequency (10 Hz) stimulation is applied to the affected cortical motor areas. Finally, similar results were found when anodal tDCS was applied to the affected motor cortex (38, 43, 45, 47) . In all of these (double-blind) studies, stimulation was performed for a short period of time only and therefore the effects were transient. Finally, in 2 of these studies the authors showed a relationship between changes in the motor function and corticomotor excitability in the affected hemisphere (46, 47).
PARKINSON'S DISEASE
A total of 14 randomized clinical trials met our inclusion criteria. Unlike stroke and pain, the methodology across the studies in PD is even more heterogeneous. One of the main problems is the variability of rTMS parameters, such as number of pulses, stimulation intensity, number of sessions, and patients' characteristics, such as stage of disease, use of medications, and stage of treatment. Therefore, in order to obtain a meaningful estimate of the effects of NBS in PD, a recent meta-analysis showed that the pooled effect size across these studies significantly favors the active compared with sham stimulation (effect size of 0.62). After this meta-analysis, a recent study in which patients were treated for 8 weeks showed that performance, as a function of time, for executing walking and complex hand movement tests gradually decreased and these effects lasted for at least one month after treatment ended (48). Finally, a recent tDCS study (only one study has been performed so far) showed that a single session of anodal, but not cathodal, tDCS of the motor cortex is associated with a significant effect on motor function and this effect is correlated with a change in motor cortex excitability (49).
One important factor when evaluating the clinical effects is the site of stimulation. Two main strategies have been used; stimulation of the primary motor cortex and prefrontal cortex. The primary motor cortex (M1) was the most common target area, and most of the studies showed that stimulation of this area is effective to improve motor function and, in addition, when sessions were applied repetitively, the effects lasted for several weeks. Some studies did not find significant effects of rTMS in improving motor function after stimulation of the primary motor cortex, such as the study of Okabe et al. (50) , which included a large sample size of 81 patients. However, in this study, the authors used 0.2 Hz stimulation with a circular coil once a week for 8 weeks; these parameters might not have been satisfactory, as it has been shown that repeated sessions of rTMS (when repeated within 24 h, but not after one week) lead to cumulative long-lasting changes in cortical excitability (51).
Other areas, such as the supplementary motor cortex, did not induce motor function improvement and, indeed, induced a worsening of complex motor function as measured by spiral drawing (52). Finally, for the prefrontal cortex, although some studies show positive results these were small and quite variable (53, 54). One alternative that might show some benefit is the use of stimulation in prefrontal areas to improve cognition and treat mood disorders, as shown in previous studies (55, 56); therefore potential benefits in motor function together with a decrease in other medications to treat cognitive function might lead to a secondary improvement in motor function.
NON-INVASIVE PERIPHERAL NERVOUS SYSTEM STIMULATION FOR CHRONIC PAIN: INSIGHTS FOR BRAIN STIMULATION TECHNIQUES
TENS might give valuable insights into nervous system stimulation as this technique has been used for several decades. One interesting point is that, despite being widely used, the efficacy of TENS remains controversial as an isolated intervention to treat chronic pain (57-59). Indeed, similarly, the use of NBS may prove to be more effective if combined with other interventions; this may be especially true for tDCS, a technique of neuromodulation only. Regarding patient population, most TENS trials have enrolled patients with peripheral pain, such as low-back pain or osteoarthritis. In fact, a recent meta-analysis concluded that electrical nerve stimulation is more effective than placebo to reduce chronic musculoskeletal pain (60). On average, electrical nerve stimulation provided nearly 3 times more pain relief than placebo (60); results that are similar to the techniques of NBS. For some patients, electrical nerve stimulation may be used as a substitute for analgesic drugs (60, 61). In addition, conventional TENS and acupuncture-like TENS have been demonstrated to be effective in controlling pain and improving joint stiffness over placebo in patients with knee osteoarthritis (62). Acupuncture-like TENS seems to be better than placebo to reduce pain intensity and to improve muscle power in patients with rheumatoid arthritis (63). Here it is interesting to discuss whether non-invasive electrical stimulation should be targeted to the affected area (i.e. peripheral vs central nervous system); or whether similar mechanisms of sensitization take place regardless of the origin of pain. In this case it might be speculated that a combination of both approaches (central and peripheral stimulation) might enhance their therapeutic effects.
Finally, the mechanisms of action by which peripheral stimulation improves pain remain unclear. Proposed mechanisms of action involve the release of endogenous opioids (64, 65) and interference in the excitability of the peripheral sensory nervous system (66, 67). Studies directly comparing both forms of brain stimulation (central vs peripheral) might provide insights into the mechanisms of action of these techniques.
RECENT ADVANCES
The number of studies using non-invasive TMS and tDCS has increased exponentially. For instance, the number of publications involving tDCS and TMS in the past year was 15 and 205, respectively. These numbers represent a significant increase compared with 15 years ago, when the number of publications was 0 and 35, respectively. Importantly, during this period, some studies on safety have been published, which suggest that both techniques have safe profiles if used according to certain guidelines of stimulation (68-70).
Transcranial direct current stimulation
Reviewing the literature of the past year for tDCS, interesting developments have taken place. Most of these studies evaluated new strategies of tDCS targeting the primary motor cortex to modulate its cortical excitability. Nitsche et al. (71) tested whether it was possible to increase the focality of tDCS, investigating whether a reduced electrode size and larger reference electrode size is associated with significant changes in motor cortex excitability. This study showed that reducing the size of the stimulating electrode focalized the effects of tDCS, and increasing the size of the reference electrode rendered this electrode functionally ineffective (71). Furubayashi et al. (72) tested the effects of short durations of tDCS applied to the motor cortex with higher intensities of stimulation (up to 5mA). This strategy does not seem to induce significant changes in the motor cortex excitability that might be advantageous for clinical use (72). Finally, Jeffery et al. (73) investigated whether tDCS at an intensity of 2 mA could induce changes in the excitability of deeper cortical structures of the motor cortex, such as the area correspondent to the innervation of the muscles of the lower leg. The results showed that anodal tDCS of this area induces significant increases in the motor cortex excitability of the tibialis anterior, whereas cathodal tDCS of the leg area does not suppress excitability.
In addition, because tDCS seems to be effective in improving motor function in healthy subjects (40) and patients after stroke (45, 47) , recent studies have tried new approaches to improve motor function. Cogiamanian et al. (74) showed that anodal tDCS of the motor cortex improves muscle endurance (as indexed by maximum voluntary contraction and fatiguing isometric contraction), suggesting that this approach might be used in sports medicine and pathological conditions. Hesse et al. (75) showed that the combination of tDCS of the motor cortex with robot-assisted arm training is effective to improve motor function in patients with subcortical stroke lesion.
Finally, tDCS use has been expanded to other conditions, such as modulation of risk (76), modulation of language in healthy subjects (77) and, finally, the evaluation of sleep in conditions such as fibromyalgia (78).
Repetitive transcranial magnetic stimulation
Important advances have been made in the field of TMS in the past year. A potential useful development for clinical application is the use of H-coils, which allow direct stimulation of deeper neuronal pathways, compared with standard TMS. Levkovitz et al. (79) performed a randomized controlled feasibility and safety study in which they showed that stimulation with H-coil was well tolerated, with no adverse physical or neurological outcomes. Jung et al. (80) showed that stimulation duration is a significant parameter for rTMS and can induce different patterns of long-lasting changes in corticospinal and intracortical excitability. Along these lines, De Ridder et al. (81) have shown that burst rTMS (using different frequency ranges, such as theta (5 Hz), alpha (10 Hz) and beta (20 Hz)) can be used clinically and induces significant tinnitus suppression in subjects with chronic tinnitus. Finally, Sparing et al. (82) suggested that higher precision in coil placement can be achieved with functional MRI-guided stimulation, which was shown to be accurate within the range of millimeters. However, it is uncertain whether this strategy would lead to clinical benefits.
In addition to new strategies to enhance stimulation, several clinical trials have been performed in the past year in different neurological diseases. There were 10 publications on using rTMS for the treatment of tinnitus. Most of these trials showed that rTMS can induce significant relief in tinnitus (81, (83) (84) (85) (86) . However, these studies also showed that the effects of rTMS are transient and variable between subjects. Indeed, Klienjung et al. (87) concluded that patients with normal hearing and a short history of complaints might respond more to rTMS, as the neuro plastic changes in these patients might be less pronounced.
Parkinson's disease is another condition with a relatively high number of publications in the last year; 5 publications. The recent results for this condition follow the same trend as in previous studies using rTMS in PD, as 2 studies showed negative results (del Olmo et al. (88) showed that rTMS of the dorsolateral prefrontal cortex (DLPFC) does not induce any significant motor function improvements and Kim et al. (89) showed that the effects of rTMS on intracerebral dopamine release (as assessed by 11-C raclopride positron emission tomography) supports placebo response during rTMS only) and 2 publications showed positive results (Epstein et al. (90) , in an open-label study, showed that rTMS of DLPFC induces significant motor and mood effects in PD and Khedr et al. (91) showed a significant correlation between levels of serum dopamine and motor improvement after treatment with rTMS). Use of NBS in PD is still challenging due to an elevated placebo response in this group of patients, motor fluctuations due to chronic use of levodopa, and variations in the clinical presentation of motor deficits.
In other areas, such as chronic pain and stroke, fewer studies have been published in the last year; but they are generally supportive of the clinical effects of rTMS in these conditions, such as a study suggesting that rTMS combined with muscle contraction might enhance its therapeutic effects in stroke (92), and a study showing that rTMS might induce a significant improvement in pain in fibromyalgia (93).
In conclusion, there is mounting evidence for the efficacy of NBS in various areas of physical and rehabilitation medicine. In addition, studies published in the last year have shown that different approaches to brain stimulation might induce different on-line effects. These findings are therefore encouraging, and further studies testing novel parameters of stimulation might find better approaches for the clinical use of NBS.
